Abstract A high-quality NMR structure of the helicase associated (HA) domain comprising residues 627-691 of the 753-residue protein BVU_0683 from Bacteroides vulgatus exhibits an all a-helical fold. The structure presented here is the first representative for the large protein domain family PF03457 (currently 742 members) of HA domains. Comparison with structurally similar proteins supports the hypothesis that HA domains bind to DNA and that binding specificity varies greatly within the family of HA domains constituting PF03457.
Introduction 753-residue protein BVU_0683 from B. vulgatus (UniProt accession number A6KY75) is a putative helicase [1] and contains (1) a type III restriction enzyme domain (residues 105-196), (2) a helicase conserved C-terminal domain (residues 361-439), and (3) four sequentially located helicase associated (HA) domains (residues 501-562, 563-625, 627-689 and 690-751) which exhibit a pairwise sequence identity ranging from 38 to 47 %. The HA domains belong to PFam [2] protein family PF03457 and are predicted to bind DNA [3] . Notably, the presence of four consecutive HA domains in BVU_0683 may well reflect cooperative DNA binding.
PF03457 is a large family currently containing 742 members from a wide range of different bacteria and lower eukaryotes (algae and water molds). The domain BVU_0683(627-691) was selected as a target of the Protein Structure Initiative and assigned to the Northeast Structural Genomics Consortium (NESG; http://www.nesg.org) for structure determination (NESG Target ID BvR106A) as part of a cooperative inter-center effort aimed at providing structural coverage of large, uncharacterized protein domain families [4] . Initial structural representatives of such families exhibit high modeling leverage [5] , expand our understanding of protein evolution [6] , and generally expand our knowledge of fundamental relationships between protein sequences, three-dimensional structures, and protein function. The NMR structure of BVU_0683(627-691) presented here is the first atomic resolution structure for a member of the PF03457 domain family.
Materials and methods
BVU_0683(627-691) was cloned, expressed, and purified following protocols [7, 8] Supplementary Fig. S2 ) were obtained from G-matrix Fourier transform and conventional triple-resonance NMR experiments (Supplementary Material) using the programs AutoAssign 2.3.0 [9, 10] followed by manual assignment of side-chain resonances. Chemical shifts, NO-ESY peak lists, and time domain NMR data were deposited in the BioMagResBank (accession number 16692).
Structure calculations were performed by consensus analysis of 1 H-1 H NOE-derived upper limit distance constraints from automated NOESY assignment programs CYANA [11, 12] and AutoStructure 2.2.1 [13] , and backbone dihedral angle constraints derived from chemical shifts using the program TALOS? [14] for residues located in well-defined regular structure elements. Stereospecific assignments of methylene protons were performed with the GLOMSA module of CYANA and the final structure calculation was performed with CYANA followed by refinement of selected conformers in an ''explicit water bath'' [15] using the program CNS 1.2 [16] . Validation of the resulting 20 refined conformers was performed with the Protein Structure Validation Software (PSVS) server 1.4 [17] and the agreement of structures and NOESY peak lists was verified using the AutoStructure/RPF 2.2.1 package [18] .
Results and discussion
We obtained a high-quality NMR structure of BVU_0683(627-691) ( Fig. 1 ; Table 1 ). The coordinates were deposited in the Protein Data Bank [19] on 1/26/2010 (accession code 2KTA). The structure exhibits an all ahelical fold ( Fig. 1 ) consisting of three a-helices: I (633-646), II (658-672), and III (677-685). a-helices I and II are oriented nearly perpendicular to each other with the (Table 1) . A spline curve was drawn through the mean positions of C a atoms with the thickness proportional to the mean global displacement of backbone heavy atoms in the 20 conformers superimposed in b short C-terminally located a-helix III being tilted approximately 45°relative to a-helix II. While the HA domain family is predicted to be structurally conserved [3] , the pairwise sequence identity between BVU_0683(627-691) and the other members of PF03457 ranges from 19 to 100 % (Fig. 2a, b) .
BVU_0683(627-691) represents the third HA domain of BVU_0683 and a search of the PDB database for similar structures using the program DALI [20] yielded 29 structurally similar proteins albeit all with rather marginal Z-scores between 3.0 and 4.0. The best scoring hit [Z-score 4.0, root mean square deviation (RMSD) of C a atoms = 4.6 Å for 63 aligned residues with 10 % sequence identity] is with the X-ray crystal structure of the cytoplasmic domain of human transmembrane receptor plexin B1 (3HM6) [21] . However, given (1) the different functions of BVU_0683 and plexin B1, (2) the rather large RMSD of the structurally aligned polypeptide segments, and (3) the insignificant sequence identity, there is no indication that BVU_0683(627-691) and the cytoplasmatic plexin B1 domain are homologues.
Among the remaining DALI hits, only seven proteins (after removing redundant chains from the same PDB entries) had RMSD values B3.5 Å for the structurally aligned residues. Of those, five proteins are known to bind DNA [that is, the small subunit of gp1 bacteriophage Sf6 3HEF: Z-score 3.0, RMSD of C a atoms = 2.4 Å for 47 aligned residues with 13 % sequence identity; Fig. 2c, d ). The N-terminal region comprising residues 14-62 [22] contains three a-helices that are quite similarly oriented as those in BVU_0683 (Fig. 2d) . Moreover, Zhao et al. [23] have shown that this region binds DNA and modeled the structure of the gp1-DNA complex. According to this model, Asp 19, Asp 20 and Ser 23 of gp1 convey specific binding to the DNA major groove, and Lys 33, Lys 43, and Lys 62 contact the negatively charged phosphate backbone. Intriguingly, in a structure based sequence alignment (Fig. 2c, d ) these residues match up with, respectively, Glu 639, Glu 640, and Ser 643, and Lys 653, Lys 668, and Lys 685 in BVU_0683(627-691) (see also resulting electrostatic surface potential; Fig. S3 ). This finding provides strong support for the predicted DNA binding function of HA domains [3] . However, these residues are conserved in only seven out of 742 sequences of PF03457 (all of which belong to the genus bacteroides or parabacteroides) and, in particular, they are not conserved in any of the other three HA domains of full length BVU_0683 (Fig. 2a) . This indicates that the four HA domains of BVU_0683 bind to DNA differently, and that HA domains in general are rather promiscuous DNA binding domains. Furthermore, this view is also supported by the structural comparison of BVU_0683(627-691) with the SANT domain of the chromatin remodeling factor ISW1a(DATPase)-DNA complex [24] (best match with chain A of 2Y9Z: Z-score 3.2, RMSD of C a atoms = 3.3 Å for 51 aligned residues with 6 % sequence identity): a structure based sequence alignment of the two domains (Fig. 2c, e) reveals that residues involved in the DNA binding of the SANT domain are not conserved in the HA domain of BVU_0683(627-691). Consistently, Yamada et al. [24] . have shown that the SANT domain of ISW1a does not exhibit pronounced DNA sequence preference for binding. Moreover, the SANT domain interacts through the minor groove while the small subunit of gp1 (see above) binds to the major groove. Inspection of the electrostatic surfaces ( Figure S3 ) shows higher similarity between BVU_0683(627-691) and the gp1 domain when compared with BVU_0683(627-691) and the SANT domain, which suggests that BVU_0683(627-691) might likewise bind to the major groove of a B-DNA helix. In addition, since neither functionally important residues nor core residues are conserved (Fig. 2c, e) the structural similarities between BVU_0683(627-691) and the SANT domain may well be a result of convergent evolution.
The two remaining DALI hits [sus1 (best match with chain D of 3KIK: Z-score 3.1, RMSD of C a atoms = 3.4 Å for 47 aligned residues with 4 % sequence identity) and herpes membrane fusion regulator (best match with chain A of 3M1C: Z-score 3.2, RMSD of C a atoms = 3.5 Å for 53 aligned residues with 4 % sequence identity)] are rather likely not homologues of BVU_0683(627-691). First, the putative DNA binding function of BVU_0683(627-691) is different from the function of these two protein domains exhibiting remote structural similarity. Second, structural alignment of sus1 and BVU_0683(627-691) reveals that ahelix II of BVU_0683 and its sus1 counterpart are rotated nearly 45°relative to each other. Similarly, structural alignments of the herpes virus membrane fusion regulator and BVU_0683(627-691) exhibits significant differences when considering the relative spatial orientation of a-helix III. Finally, identification of modeling families reveals that the novel modeling leverage [5, 25] , i.e., the number of protein structures that can be modeled using the experimental structure presented here, is *350. Thus, considering that PF03457 contains 687 unique sequences, the NMR structure presented here provides *50 % structural coverage of the large family PF03457. Fig. 2 a Multiple sequence alignments of selected members from PF03457 generated using the program MUSCLE [26, 27] . The top four rows represent the four HA domains of protein BVU_0683 and the remaining 16 contain sequences which are representatives of a PF03457 sub-set defined by having \40 % pairwise identity (generated with CD-HIT [28, 29] ). Sequences are labeled with their corresponding UniProt accession codes/residue numbers and the code of BVU_0683(627-691) is in bold. Residue numbers and regular secondary structure elements are relative to BVU_0683(627-691) b Space-filling representation of the lowest-energy conformer of BVU_0683(627-689). The degree of residue conservation within protein family PF03457 is color-coded according to the default ConSurf [30] scheme: burgundy for the strongest conservation and cyan for the highest variability. The image on the left has the same orientation as in Fig. 1 and the image on the right is a 180°rotation along the vertical axis. c Structure-based sequence alignment of BVU_0683(627-689), N-terminal domain of gp1, and SANT domain generated with DALI [20] . The residue numbers and positions of the a-helices of BVU_0683(627-689) are indicated at the top, and residues involved in DNA binding are labeled below the aligned sequences with (*) for the N-terminal domain of gp1, and with (?) for the SANT domain (see text). Figs. a, c were generated with the program Seaview v4.3.0 [31] using the default color scheme: red = Arg, Lys (positive); purple = Asp, Glu (negative); dark blue = Ala, Ile, Leu, Met, Phe, Trp, Val (hydrophobic); green = Asn, Gln, Ser, Thr (polar); cyan = His, Tyr; yellow = Pro; and orange = Gly. Structural alignment of the lowest energy conformer of BVU_0683(627-691) (2KTA, orange) with polypeptide segments in the crystal structures comprising d the N-terminal domain of gp1 (3HEF:B, residues 14-64, blue) and e the SANT domain of ISW1a(DATPase)-DNA complex (2Y9Z:A, residues 888-951 purple). In b and d, the residues that are conserved in BVU_0683(627-691) and gp1, and which are implicated in DNA binding, are indicated. The orientation of BVU_0683(627-691) is the same as in Fig. 1 b Solution NMR structure of the helicase associated domain 23
